Southern Ontario is the most densely populated region in Canada. As a result, ubanization, industrialization, and agriculture are extensive. Few ecosystems in the region have been unaltered, and second-growth forests now dominate the remaining natural landscape. To better understand the lichen diversity in these second-growth forests, we inventoried 24 distinct vegetation communites in the Copeland Forest Resources Management Area (1780 ha) located between Barrie and Orillia in September and October 2011, recording 154 species in 79 genera. One species, Lecidea sarcogynoides, was collected for the first time in Canada and is reported for the first time in north America; one additional species, Micarea micrococca, was collected for the first time in Ontario and is reported for the first time in Canada; three species that have previously been collected in Ontario-Bellemerea cinereorufescens, Phlyctis speirea, and Xanthoparmelia angustiphylla-are reported for the first time in the province; and Candelariella lutella was collected and is reported for the second time in Ontario and the third time in Canada. in addition, six species with a provincial status rank of S1 (critically imperilled) or S2 (imperilled) were located: Arthonia byssacea, Arthonia ruana, Chaenothecopsis pusiola, Cresponea chloroconia, Pachyphiale fagicola, and Placynthiella uliginosa. Our results show that second-growth forests can be important refugia for lichen diversity. The majority of the lichen diversity within the Copeland Forest was contained in a small number of sites (6 of 24). This suggests that management strategies should integrate lichen diversity by targeting species-rich areas. We found that sites with a high variation in: canopy closure, tree species, tree age, moisture, and the presence of snags had the highest lichen diversity. Forest managers in southern Ontario can use our results to identify species-rich areas on their properties. (Lesica et al. 1991; Goward 1994; , and most of those species are sensitive to changes in their environments (esseen and Renhorn 1998; Chen et al. 1993; McMullin et al. 2010 ). An important part of managing lichen diversity in southern Ontario now means understanding how species colonize second-growth forests.
Introduction
The lichen biota of Ontario is rich and abundant; approximately 1070 species are currently known from the province (newmaster et al., in press) , and the lichen biomass in some areas is over 9000 kg/ha . The total terrestrial area of Ontario is 917 741 km 2 , which covers a number of diverse ecoregions (Perera et al. 2001) . Many species have specialized habitat requirements, and the diversity of the landscape accounts for the relatively large number of lichens known from the province.
Most lichen species require specific habitats, microhabitats, and substrates (Schmitt and Slack 1990; Kuusi nen 1996; . This specificity includes lichen communities that change in composition along a broad bioclimatic gradient from the Arctic/ alpine zone through boreal, temperate, and tropical zones. in Ontario, all but tropical conditions are present (Ahti 1964; Gowan and Brodo 1988; Brodo et al. 2001) .
Specific ecosystems, such as bogs, cliffs, coastal areas, deserts, forests, prairies, and swamps, are the next level of division that shapes lichen community structure (nash 2008; Brodo et al. 2001) . Much more specifically, many lichens require particular substrates. The substrate requirements for some species are broad, and they may grow on a range of types of bark, leaves, rocks, soil, or wood, while other lichen species require substrates as specific as particular tree species at a particular stage of development (Söderström 1988; Botting and delong 2009; McMullin et al. 2010) . defined amounts of light and moisture are also of primary importance for many lichen species (Kenkel and Bradfield 1986; Coxson and Coyle 2003; Coxson and Stevenson 2007) . An understanding of the habitats that are most important for lichen diversity is therefore required to manage these organisms effectively.
Managing lichen diversity in southern Ontario presents a number of challenges. The first is a fundamental lack of baseline data: comprehensive knowledge of the lichen biota before it was altered by air pollution and development is lacking. Many lichen species are intolerant of air pollution (Henderson 2000) . Although point source emissions may be controlled, much of the air pollution in southern Ontario is wide-ranging and difficult to isolate. extensive urban, industrial, and agricultural development is the cause of this air pollution (Bates and Sizto 1987) , but this development has also resulted in the loss of much of the old-growth forest that once dominated the landscape (Henry and Quinby 2010) .
Many lichen species require habitats that are characteristic of old-growth forests (Lesica et al. 1991; Goward 1994; , and most of those species are sensitive to changes in their environments (esseen and Renhorn 1998; Chen et al. 1993; McMullin et al. 2010 ). An important part of managing lichen diversity in southern Ontario now means understanding how species colonize second-growth forests.
The purpose of this study was to better understand the lichen diversity of second-growth forests in southern Ontario by examining a representative sampling of habitats in the Copeland Forest Resources Management Area north of Barrie. Specific objectives were to (1) determine the number of lichen species in the Copeland, (2) determine the frequency of occurrence of each lichen species, (3) resolve whether alpha diversity differs among different sampling sites (vegetation communities), and (4) identify sites with high lichen richness.
These objectives aim to produce a baseline inventory which can be used to monitor any changes in lichen diversity over time. identifying the sites that are most important for capturing lichen diversity will assist forest managers with producing management strategies that target these areas. The results can be used in the development of sustainable management strategies, both in the study area and throughout southern Ontario in other second-growth forests.
Methods

Study area
The Copeland Forest Resources Management Area is located in southern Ontario approximately 15 km north of Barrie and 15 km west of Orillia (Figure 1) . it lies between 44°32'34" and 44°35'43"n and between 79°44'31" and 79°39'19"W. Highway 400 runs along the length of the northwest side of the Copeland, and Horseshoe Valley Road runs the length of the southeast side. A continuous property covering 1780 hectares (Golas 1980) , the Copeland Forest is a mul tiuse natural recreation area that is used mainly by FiGuRe 1. The Copeland Forest Resources Management Area with the 24 sampling sites illustrated. Sampling sites are described in Table 1. moun tain bikers, horseback riders, hikers, hunters, and crosscountry skiers. An extensive network of trails in the Copeland Forest is maintained by Horseshoe Resort for its clientele, particularly for crosscountry skiing. One of the primary rail lines connecting southern Ontario to western Canada also runs through the forest, with multiple diesel-powered trains passing through daily.
The study area lies within the Great Lakes-St. Lawrence Forest Region and is characterized by rolling hills, treed wetlands, small ponds, and deciduous mixedwood and coniferous forests (Rowe 1972) . The mean regional temperature in January is −8.4°C and in July it is 20.6°C (environment Canada 2012). The average annual rainfall is 750.6 mm and the average snowfall is 292.6 cm (environment Canada 2012).
Virtually all of the forested land in the study area is second-growth. The first recorded evidence of harvesting dates from 1872, but unrecorded harvesting may have occured before that date. Harvesting continued until a mill fire on May 7, 1975 (Golas 1980 . Assisted regeneration of the forest began in the 1930s and continued until the 1970s. during this time, 800,000 nursery seedlings, primarily conifers were planted (Golas 1980) .
Lichen diversity
For the purposes of this study, lichen diversity is defined as lichen richness (number of species) plus abundance (frequency of occurrence of a species). To assess lichen richness, we established 24 sites that covered all of the major vegetation communities ( Figure  1 and Table 1 ). Vegetation communities were identified using the Ontario Ministry of natural Resources (OMnR) vegetation map for the Copeland Forest Resources Management Area. Many vegetation communities were represented by two or more spatially separate occurrences in the study area, and at least one vegetation community was included in each of the 24 sampling sites established. Once sampling sites had been selected, they were ground-truthed to determine vegetation communities accurately. Sampling sites varied in size and shape, as they followed the dominant vegetation communities.
All substrates throughout the total area of each site were examined for lichen species on September 15-18, September 30, and October 1-4, 2011. Our inventory methods follow those of newmaster et al. (2005) , who showed that examining large areas (referred to as floristic habitat sampling) captures cryptogam diversity more effectively than establishing smaller representative plots. using floristic habitat sampling, our dominant mesohabitats were each of the 24 sampling sites, which included restricted mesohabitats (e.g., streams, rock out crops, cliffs), all of which were examined for lichens. each of the mesohabits contained a number of microhabitats (e.g., snags, tree bases, calcareous rocks), all of which we attempted to examine. Selva (1999 Selva ( , 2003 also used this method for sampling lichens and refers to it as an "intelligent meander", as it allows more time to be spent in areas with a higher number of lichen species.
Lichen abundance was determined by the number of sampling sites in which each species occurred. A voucher specimen of each taxon was collected at each site that was inventoried.
Lichen identification
Vouchers were identified using a stereo or compound microscope and chemical spot tests with paraphenylenediamine in ethyl alcohol, nitric acid, sodium hypochlorite, 10% potassium hydroxide, and Lugol's iodine (Brodo et al. 2001) . Chemistry was further examined using a long-wave ultraviolet light chamber. Specimens that could not be reliably identified by morphology, spot tests, or ultraviolet light were analyzed for secondary chemistry using thin-layer chromatography following Culberson and Kristinsson (1970) and Orange et al. (2001) . images were captured using a Panasonic Lumix dMC-ZS20 digital camera with a 20× optical zoom.
Voucher specimens are housed at the Biodiversity institute of Ontario Herbarium (OAC) at the university of Guelph, Guelph, Ontario, and at the William and Lynda Steere Herbarium of the new york Botanical Garden (new york) (acronyms follow the Registry of Biological Repositories, http://www.biorepositories .org).
Results
One hundred and fifty-four species of lichen-forming and allied fungi in 79 genera are reported from the Copeland Forest Resources Management Area. Sixtyfive species (42%) are macrolichens, and 89 species (58%) are microlichens (crustose). Of the 65 macrolichens, 29 species (19% of the 154) are fruticose in form, and 36 species (23% of the 154) are foliose. One hundred and thirty-five (88% of the 154) lichen species have green algae as their primary photobiont, 5 species (3%) have cyanobacteria as their primary photobiont, and 14 species (9%) are non-lichenized fungi traditionally treated with lichens. Fifteen species (10%) are calicioids (stubble lichens and allied fungi).
Lichen species in the Copeland Forest Resources Management Area with a provincial rank of S1 (critically imperilled) or S2 (imperilled) assigned by the Ontario Ministry of natural Resources are (newmaster et al., in press ): Arthonia byssacea, Arthonia ruana, Chaenothecopsis pusiola, Cresponea chloroconia, Pach y phiale fagicola, and Placynthiella uliginosa. Lichens from the Copeland Forest that have a low provincial rank but the rank is uncertain (either S1S3 or S2S3) are: Anisomeridium polypori, Chaenothecopsis debilis, Porpidia cinereoatra, and Stenocybe major.
Twenty species found in the study area were designated rare in southern Ontario by Wong and Brodo (1992) : Anisomeridium polypori, Arthonia byssacea, Arthonia ruana, Calicium trabinellum, Chaenothecopsis (Figure 2A-B) . Lecidea sarcogynoides is also a new Canadian record, based on an unpublished national microlichen checklist that is currently being developed (Brodo, personal communication, May 2012 ). Micarea micrococca is reported for the first time in Canada. it was previously collected in newfoundland, newfoundland and Labrador. Three species found during our study are reported for the first time in Ontario: Bellemerea cinereorufescens ( Figure 2C ), Phlyctis speirea, and Xan thoparmelia angustiphylla. Bellemerea cinereorufescens is known from two previous collections in the province and Phlyctis speirea and Xanthoparmelia angustiphylla are both known from one previous collection. Candelariella lutella is collected and reported for the second time in Ontario and the third time in Canada. Of the 154 taxa found during this study, none occurred in all of the 24 study sites examined in the Copeland Forest. nineteen species were located in 7 or more sites, while 68 species were found at only a single site.
Substrate-specific species were found colonizing the following substrata exclusively: deciduous trees (26 species), rocks (21 species), snags (19 species), soil (15 species), coniferous trees (7 species), stumps (6 species), Acer saccharum (5 species), cement (5 species), Populus balsamifera (3 species), Quercus rubra (3 species), Rhus typhina (3 species), Thuja occidentalis (3 species), Abies balsamea (2 species), Betula alleghaniensis (2 species), Pinus strobus (2 species), Acer rubrum (1), Alnus incana ssp. rugosa (1 species), and a polypore (1 species).
Within the 24 sites in the Copeland Forest (Table 1) , the highest number of lichen species was in site numbers 2 (42 species), 12 (40 species), 16 (40 species), 8 (37 species), 9 (38 species), and 13 (33 species).
Annotated species list
The annotated checklist presented below is arranged alphabetically by genus and species. Authority abbreviations follow Brummitt and Powell (1996) . Taxonomy follows esslinger (2012) . in cases where the list deviates from esslinger (2012), it reflects the taxonomic opinions of the authors.
non-lichenized fungi treated with lichens are preceded by a dagger ( †). Species preceded by an asterisk (*) are reported (published) for the first time in Ontario. Species preceded by two asterisks (**) were collected for the first time in Ontario.
S and G ranks are conservation status ranks assigned by the Ontario Ministry of natural Resources that are not legal determinations. S ranks are provincial designations and G ranks are global designations. Conservation status is designated by a number between 1 and 5: 1 = critically imperilled, 2 = imperilled, 3 = vulnerable, 4 = apparently secure, 5 = secure, u = "unrankable" due to a lack of information, ? = rank uncertain, nR = reported but without verification or persuasive documentation (Ontario Ministry of natural Resources 2012).
Frequency designations for species in southern Ontario follow the S and G ranks and are non-legal determinations by Wong and Brodo (1992) . Their designations are based on the number of counties (36 total) a species was collected in: very rare = 1 county, rare = 2 or 3 counties, frequent = 4 or 5 counties, common = 6 to 8 counties, very common = 9 to 36 counties.
The site number identifying the site in which each species was collected is in bold. The subtrate that each specimen was growing on follows the site number.
Collection numbers of RTM follow the substrates of each specimen and are housed at OAC unless stated otherwise. Wong and Brodo (1992) . Fraxinus, 8595, 8596. 4 -Populus balsamifera, 8597. 9 -Populus balsamifera, 8598, 8739; Fraxinus, 9254. S2S4, GnR; infrequent (Wong and Brodo 1992 
Discussion
The Copeland Forest Resources Management Area is a refuge for lichen diversity in southern Ontario. The forest contains 129 (28%) of the 465 species reported from the region by Wong and Brodo (1992) , as well as an additional 25 species that were not on that list. This is despite the fact that the study area hosts only a small percentage of the variety of ecosystems that occur across the southern part of the province.
Two other extensive lichen diversity studies have been completed in specific regions of southern Ontario. The first study was in the Ottawa region, where 277 species were found on the Ontario side of the Ontario/ Quebec border (Brodo 1988 (Brodo et al., in press ). The lichen richness in both of these studies is higher than in the Copeland Forest, but both areas have a greater number of ecosystems, which can be colonized by a greater number of species. The lichen richness found in these studies and in the Copeland Forest are not comparable because of the ecological differences and the substantially different degrees of disturbance. Wong and Brodo (1992) found that 51 lichen species previously recorded from the province were no longer present. They hypothesized that this was due to a decline in air quality, an increase in development, and a loss of habitat. The Copeland Forest exemplifies this apparent decline in species richness, as no species typically used as indicators of good air quality were found (Henderson 2000; Cameron et al. 2007; McMullin and ure 2008) . Particular species that were notably absent in the Copeland Forest were those that contain cyanobacteria (cyanolichens). no cyanolichens were present, with the exception of the genus Peltigera, which is common even in disturbed areas.
The Copeland Forest Resources Management Area is a relatively large continuous woodland in southern Ontario. Many of the forests that remain in southern Ontario, particularly those in the southwestern part of the province, are fragmented. Fragmentation has been shown to reduce the diversity in species communities (Fahrig 2003) . One of the reasons for this reduction is an increase in edge effects, which include an increase in light and wind exposure as well as a reduction in moisture compared with the forest interior (Chen et al. 1993; Renhorn et al. 1997; esseen and Renhorn 1998) . The Copeland Forest is large enough (1780 ha) to contain a significant forest interior, which includes many microhabitats for lichens to colonize.
Old-growth forests have been shown to have a greater lichen diversity because they contain a greater number of microhabitats than second-growth forests of the same area (Lesica et al. 1991; , but Lõhmus and Lõhmus (2011) recently showed that managed second-growth forests that cover a large area can also contain a wide variety of microhabitats and, therefore, a wide variety of species. The overall lichen diversity of the study area exemplifies the findings of Lõhmus and Lõhmus (2011) . in other words, its large area contains a number of different microhabitats that support a wide variety of lichen communities, despite heavy recreational use and recent silvicultural disturbance.
Within the context of the study area, the alpha diversity in each of the 24 sites examined also differed considerably. The 6 sites with the highest lichen richness also had unique assemblages of species which helped to increase the overall number of species in the study area. Site 2 had the highest number of species (42). This site is in a protected river valley with a variety of mature trees along the valley slopes and exposed trees and snags in the floodplain of the Coldwater River. Moisture was high and sustained at this site, and the trees appeared to be older than most in the study area; this may be an area that was not harvested in the past.
Site 12 had the second highest number of species (40). This site contains an exposed area of rolling hills covered in sandy soil; it also contains the highest lichen biomass in the Copeland Forest, as the ground cover is dominated by species in the genus Cladonia subgenus Cladina. This exposed area is sheltered by the surrounding forest and contains exposed calcareous rocks, which are rare in the study area, where most rocks are siliceous.
Two similar sites with high diversity were 16 (40 species) and 8 (37 species). Both of these sites were large tracts of uninterrupted mixed hardwood forests with water bodies in close proximity, which presumbably maintain high and sustained levels of moisture. Site 9 (38 species) was along the same river that runs though site 2. Where the Coldwater River runs through site 9, however, it is not in a sheltered area and there is no floodplain with snags or trees. The microhabitats at this site include a variety of exposed trees, exposed rocks, and exposed cement on a river culvert. Site 13 (33 species) is a treed wetland with high light exposure and high levels of moisture that are sustained.
These 6 sites were the only ones of the 24 that contained more than 30 species each. Common variables among these sites included high light exposure and a variety of tree types, and moisture was generally higher. Many of the other sites have closed canopies, which may have limited the number of species able to colonize (Coxson and Coyle 2003; Coxson and Stevenson 2007) .
These results are consistent with a recent study by McMullin et al. (2010) , which showed that variation in light (canopy closure), moisture, soil, and tree types and ages were the primary environmental variables driving lichen diversity in forest ecosystems. Because of the variation in these sites, the lichen community structure in them differed. When combined, they increased the gamma diversity in the Copeland to a number much higher than any one site contained. Once again, these results support the species-area correlation described by Lõhmus and Lõhmus (2011) .
This study contributes to a growing body of knowledge of the lichen biota in southern Ontario. The number of species now known from the southern region of the province has increased substantially since the account of Wong and Brodo (1992) (Matthes et al. 2000; Selva 2005; Brodo et al., in preparation; McMullin and Lewis, in preparation; Lewis et al., in preparation) . Based on this study, provincial status ranks, the status given by Wong and Brodo (1992) , the results from the lichen study on the Bruce Peninsula (Brodo et al, in preparation) , and unpublished collections from southern Ontario (in the Lichenology Section of the national Herbarium of Canada, Canadian Pachyphiale fagiolia is the only species reported that seems to be rare throughout its known range (Vězda and Poelt 1975; ekman 1996) . it is, however, a small and inconspicuous species that may be overlooked. Lecidea sarcogynoides is another seemingly rare species in north America. it is known from only one other unreported collection in north America, from Pennsylvania in 2008 (Lendemer 12598, ny), but it may have been overlooked in the past as well.
Micarea micrococca is collected and reported for the first time from Ontario, but it was only recently separated from M. prasina s.l. based on chemistry (Czarnota 2007; Czarnota and Guzow-Krzemińska 2010) . This somewhat inconspicuous species is known from three neighbouring states in the united States, Michigan (Common 3344, at the Plant Biology Laboratories Herbarium, Michigan State university, east Lansing, Michigan (MSC)), new york (Common 3990, MSC), and Pennsylvania (Lendemer 16665, ny), so it is not surprising that it was found in Ontario.
Micarea micrococca is also reported for the first time in Canada, but three previous collections were made in 2008 in newfoundland, newfoundland and Labrador (Buck 944316, 944317, ny, and Lendemer 10093, ny) .
Three additional species are reported for the first time in Ontario, but have been previously collected in the province-Bellemerea cinereorufescens, Phlyctis speirea, and Xanthoparmelia angustiphylla. Bellemerea cinereorufescens is collected for the third time in Ontario. it is typically an arctic and alpine species, so this range extension into southern Ontario is surprising ( Figure 2C ) (Thomson 1997) . it was first collected in the province from the Thunder Bay distinct in 1968 (Brodo 19705, CAnL) and again in 1991 in Renfrew County in eastern Ontario (Brodo 27914, CAnL) . Phlyctis speirea was first collected from southern Ontario in 2010 (Lewis 392, CAnL). Xantho parmelia angustiphylla is known from new england and Minnesota (Wetmore 2005; Hinds and Hinds 2007) , so it is not surprising that it was found in Ontario. The first collection of X. angustiphylla in the province is from 1983 in northern Ontario (Fischlin 160, CAnL). Two other seemlingly rare species in Ontario that were collected in the Copeland Forest are Candelariella lutella and Chaenothecopsis exilis. Candelariella lutella is reported and collected for the second time in Ontario and the third time in Canada (Thomson 1997) . Chaenothecopsis exilis was previously collected and reported from northeastern Ontario (McMullin 2011) and from the north shore of Lake Superior (Tibell 5389, Botany Section, Museum of evolution, uppsala university, uppsala, Sweden (uPS)) (Selva and Tibell 1999) .
Ten species with a provincial status rank of S1 (imperilled), S2 (imperilled), or S3 (vulnerable) were found in the Copeland Forest. due to the lack of baseline data on the lichen biota in the province in the past, some of these ranks may no longer be accurate because of additional recent collections. Based on the results of the present study and recent collections made throughout Ontario, we recommend that the following species be reassessed and moved to a higher provincial rank: Chaenothecopsis pusiola, Cresponea chloroconia, Placynthiella uliginosa, Anisomeridium polypori, Chaenothecopsis debilis, Porpidia cinereoatra, Stenocybe major.
Conclusion
Lichen richness in the Copeland Forest Resources Management Area is high, and the site serves as a refuge for lichen diversity in southern Ontario, where lichen richness has been decreasing for more than a century (Wong and Brodo 1992) . Our study has shown not only that this forest has potential conservation significance, but also that second-growth forests in general can support a diverse lichen biota in the province. While our results cannot a priori be extrapolated to secondary forests as a whole, they do indicate that large tracts of such forests merit study and consideration for the conservation and management of lichen biodiversity.
Future management plans for the Copeland Forest should include the preservation of lichen diversity and should target the sites with the greatest richness (sites 2, 8, 9, 12, 13, and 16). Such plans should also specifically target uncommon species. if a single site is to be selected for protection in the Copeland Forest, site 12 is recommended. This site has a unique lichen community that includes many of the species of interest from this study and the only species that is new to Canada, Lecidea sarcogynoides. Site 1 is also recommended because it contains Pachyphiale fagicola, one of the only species found in the Copeland Forest that appears to be rare throughout its range.
The results from our study contribute to a better under standing of the understudied lichen biota of southern Ontario, particularly in second-growth forests. Most intensive lichen studies in the region have been in protected areas, such as national and provincial parks, in older and less disturbed forests (Matthes et al. 2000; Selva 2005; Brodo et al., in press; McMullin and Lewis, in press; Lewis et al., in preparation) . These older forests are uncommon in southern Ontario, and younger second-growth forests that are intensively used now dominate the natural landscape.
Here we have shown that second-growth forests can be important refugia for lichen diversity. We found that sites with a high variation in canopy closure, tree species and age (particularly different deciduous and conifer trees), moisture, and the presence of snags have the highest lichen diversity. Forest managers in southern Ontario interested in preserving lichen diversity can use our results to help identify and protect areas of interest on their properties.
